SUMMARY
Higher plants take up nutrients via the roots and load them into xylem vessels for translocation to the shoot. After uptake, anions have to be channeled toward the root xylem vessels. Thereby, xylem parenchyma and pericycle cells control the anion composition of the root-shoot xylem sap [1] [2] [3] [4] [5] [6] . The fact that salt-tolerant genotypes possess lower xylem-sap Cl À contents compared to salt-sensitive genotypes [7] [8] [9] [10] indicates that membrane transport proteins at the sites of xylem loading contribute to plant salinity tolerance via selective chloride exclusion. However, the molecular mechanism of xylem loading that lies behind the balance between NO 3 À and Cl À loading remains largely unknown. Here we identify two root anion channels in Arabidopsis, SLAH1 and SLAH3, that control the shoot NO 3 À /Cl À ratio. The AtSLAH1 gene is expressed in the root xylem-pole pericycle, where it co-localizes with AtSLAH3. Under high soil salinity, AtSLAH1 expression markedly declined and the chloride content of the xylem sap in AtSLAH1 loss-of-function mutants was half of the wild-type level only. SLAH3 anion channels are not active per se but require extracellular nitrate and phosphorylation by calcium-dependent kinases (CPKs) [11] [12] [13] . When co-expressed in Xenopus oocytes, however, the electrically silent SLAH1 subunit gates SLAH3 open even in the absence of nitrate-and calcium-dependent kinases. Apparently, SLAH1/SLAH3 heteromerization facilitates SLAH3-mediated chloride efflux from pericycle cells into the root xylem vessels. Our results indicate that under salt stress, plants adjust the distribution of NO 3 À and Cl À between root and shoot via differential expression and assembly of SLAH1/SLAH3 anion channel subunits.
RESULTS
Soil salinity restricts plant growth and thereby decreases the yield and quality of crops [14] [15] [16] . Besides accumulation of sodium, excessive accumulation of chloride ions within the shoot leads to the disturbance of growth and productivity of salt-sensitive plants [9, 14, 15, [17] [18] [19] . Thus, salt exclusion from the shoot, while sustaining the supply with essential nutrients such as potassium and nitrate, is believed to enhance plant salinity tolerance [6, 9, 14, 15, 20] . The negative plasma membrane potential of plant cells (above À150 mV) and the outward-directed nitrate and chloride concentration gradients suggest that the entry of NO 3 À and Cl À into the xylem vessels is facilitated by anion efflux channels [21] . This notion is underpinned by NO 3 À and Cl À currents of xylem parenchyma cells registered by early patch-clamp studies [1] [2] [3] . These currents are reminiscent of the electrical characteristics of anion channels from the SLAC/SLAH (slow-type) family [22, 23] . SLAC1 and its homolog anion channels SLAH3 and SLAH2 have been functionally characterized in Arabidopsis and Xenopus oocytes [11, 12, [24] [25] [26] [27] [28] [29] . The physiological function of SLAH1 and SLAH4 remains, however, unexplored so far.
SLAH1 and SLAH3 Co-express in Xylem-Pole Pericycle Cells To explore the tissue-and cell-specific expression of AtSLAH1 and AtSLAH3 genes, we obtained different transgenic lines expressing the chimeric GUS::GFP gene fusion under the control of the respective native promoters. Upon microscopic inspection, we were able to localize anion channel expression in the vascular cylinder with both AtSLAH1 and AtSLAH3 gene promoters (Figures 1A and 1E ; cf. [22, 30] ). Confocal microscopy analysis detected AtSLAH1-promoter-driven GFP fluorescence in cells adjacent to xylem vessels ( Figure 1B ). For AtSLAH3, a similar expression pattern was confirmed by histochemistry using GUS gene fusion ( Figure 1F ). Inspection of transversal sections of roots expressing GUS under control of AtSLAH1 ( Figures  1C and 1D ) and AtSLAH3 promoter ( Figures 1G and 1H ) localized both S-type anion channel isoforms in the xylem pole pericycle.
SLAH1, Together with SLAH3, Feeds Chloride into the Root Xylem
Given that SLAH3 conducts both NO 3 À and Cl À currents and colocalizes with its homolog, SLAH1, in cells facing xylem vessels, one would predict that the S-type anion channel pair does feed the xylem sap with anions ascending from root to shoot. To test this assumption, we inspected an AtSLAH1 loss-of-function mutant (slah1-2) and two independent slah1-2 complementation lines (P1-12 and P1-31) expressing the wild-type (WT) AtSLAH1 gene under the control of its native promoter ( Figure S1A ). Moreover, we crossed the slah1-2 knockout (KO) mutant with the slah3-1 KO mutant and named the resulting double-KO mutant slah1-2/slah3-1. For phenotype analyses, the mutant lines slah1-2 and slah1-2/slah3-1 (homozygous for the transfer DNA [T-DNA] insertions) were compared with their respective azygous segregant lines, which were assigned as WT plants in this work. When grown under low (70 mM) or high (5 mM) chloride, the slah1-2 KO mutant line accumulated less Cl À in the shoot than the WT, independent from the feeding regime (Figures S1B and S1C). Given that AtSLAH1 and AtSLAH3 expression is localized in the xylem-pole facing the xylem vessels in the root, the pericycle cells should contribute to the anion composition of the ascending xylem sap. We therefore collected xylem sap samples [31] and quantified the content of Cl À and NO 3 À colorimetrically [32, 33] . In xylem sap samples from slah1-2, slah3-1, and slah3-4 mutant lines the chloride, but not the nitrate, content was reduced by 50% compared to their respective WT lines (Figures 2A-2D , S1F, S1H, S1K, and S1M; S1N) . Interestingly, the analysis of the xylem sap of the double mutant slah1-2/slah3-1 revealed a reduction of the chloride content similar to the respective single mutants ( Figure 2C ), whereas the nitrate concentration remained unchanged ( Figure 2D ) Given the participation of SLAH1 in facilitating root-to-shoot transfer of Cl À , this channel unit may serve as a pathway for shoot chloride accumulation under salt stress conditions. To test this assumption, we treated slah1-2 mutant and WT plant roots with increasing concentrations of Cl À salt (15, 30, 60 and 120 mM Cl À ). From the root sap samples collected 3 hr after salt exposure ( Figure 2E ), it was evident that slah1-2 mutants in the xylem sap accumulated less chloride than WT plants, a difference that became even more pronounced when roots were exposed to increasing salt concentrations.
Stress Downregulates SLAH1 Expression
To prevent non-physiological chloride levels reaching the shoot on one side and nitrate depletion on the other, the entry of Cl À relative to NO 3 À has to be well controlled. To further explore the regulatory properties of AtSLAH1 and its potential interaction with AtSLAH3, we tested whether salt (NaCl) stress feeds back on root SLAH1 and SLAH3 expression. Upon an increase in the salt content of the soil, the water potential drops. Soil salinity and water deficit cause the level of the stress hormone ABA to rise. Given that the dehydrin AtLEA-M is strongly induced in response to osmotic stress and ABA [34] , in our experiments we used AtLEA-M as a salt stress marker ( Figure S2B ). To differentiate between osmotic shocks caused by either salt stress or water deficit, we alternatively exposed roots to NaCl (150 mM) or to the non-permeable osmolyte PEG-8000 (287 g L À1 ).
Twenty-four hours after NaCl treatment, root transcript levels of the stress marker AtLEA-M increased ( Figure S2B ), whereas those of AtSLAH1 and AtSLAH3 dropped by about ten and five times, respectively (Figures 2F and S2A). When water deficit was applied by transfer of the plants to PEG-8000, transcripts for AtLEA-M also increased ( Figure S2B ) and levels for Figure 2G ).
SLAH1 Represents a Silent Anion Channel Subunit
To understand how the downregulation of SLAH1 affects root xylem loading, we studied functional properties of SLAH1 and SLAH3 with the two-electrode voltage clamp (TEVC) technique in the heterologous expression system of Xenopus oocytes. When we injected SLAH1 cRNA into Xenopus leavis oocytes, however, anion currents were not observed in chloride-and nitrate-based buffers ( Figures S3A-S3C) . A similar situation has Table S1. been observed when SLAC1, SLAH2, or SLAH3 has been expressed in the absence of anion-channel-activating protein kinases [11, [26] [27] [28] . SLAH3 requires extracellular nitrate and Ca
2+
-dependent kinases such as CPK21 to conduct NO 3 À and Cl À anions ( Figures S3B and S3C ) [11, 12] . The presence of the protein kinases that were effective with SLAH3 or SLAC1, however, did not render SLAH1 active-independent from the presence of extracellular nitrate (Figures S3A-S3C ).
Chen and colleagues crystallized the bacterial homolog of SLAC1 from Haemophilus influenza (HiTeaH [35] ) and found Phe450 in the pore region of SLAC1 linked to the anion gate [35] . Replacement of this pore phenylalanine by alanine turned AtSLAC1 into a constitutively open anion channel. We have shown that this open-gate mutation shifts also AtSLAH2 [28] and AtSLAH3 (F517A; Figure S3D ) into an anion-conducting state. When the respective phenylalanine residue in SLAH1 (Phe307) was mutated to alanine, however, the putative anion channel remained electrically silent ( Figure S3D ).
SLAH1 Substitutes for Kinase-and Nitrate-Dependent Activation of SLAH3
The 3D model of HiTeaH revealed a trimeric structure with three subunits, each forming an individual pore [35] . As mentioned before, in kinase-free oocytes, or in the absence of nitrate, SLAH3 is as electrically silent as SLAH1 ( Figures 3A, S3B , and S3C). When SLAH1 and SLAH3 were co-expressed, however, macroscopic anion currents could be measured without the co-expression of a kinase and in the absence of extracellular nitrate ( Figures 3A 3B, S4A, and S4B) . The chloride and nitrate current amplitude of the SLAH3/SLAH1 complex was thus similar to the currents of SLAH3 when activated by CPK21 in nitrate-based buffers ( Figure 3A , S4A, and S4B). Co-expression of kinases and/or application of nitrate did not further increase the current amplitude associated with constitutively active SLAH1/SLAH3 complexes ( Figures S4A and S4B) .
To elucidate whether the effect of SLAH1 is SLAH3 specific, we individually co-expressed SLAH1 together with each member of the Arabidopsis SLAC/SLAH anion channel family. Interestingly, SLAH1 could only activate SLAH3, and not SLAC1, SLAH2, or SLAH4 ( Figures 3B and S4A ). In contrast, SLAC1 and SLAH2 remained silent when co-expressed with SLAH3 in the absence of the activating kinase ( Figure S4B ). To further substantiate the preference of SLAH1 for SLAH3-type anion channels, we co-expressed SLAH1 with SLAH3-type anion channels from Medicago trunculata (Mt), Dionaea muscipula (Dm), and Populus tremula 3 P. tremuloides (Ptt). Similar to the SLAH3-activating role of SLAH1 in Arabidopsis, AtSLAH1 was capable of activating DmSLAH3, PttSLAH3, and MtSLAH3, even in the absence of extracellular nitrate and without co-expressing an activating kinase ( Figure S4C ). These findings indicate that SLAH1 specifically activates SLAH3-type anion channels and that this function is conserved across species borders.
Silent SLAH1 and Anion Conducting SLAH3 Form Heteromeric Anion Channels
To further substantiate that AtSLAH1 and AtSLAH3 assemble to functional complexes, we expressed TSapphire:SLAH3 (TS:SLAH3) fusion constructs either alone or together with SLAH1:mOrange (SLAH1:mO) in Nicotiana benthamiana leaves.
Using a combination of fluorescence resonance energy transfer and fluorescence lifetime imaging (FRET-FLIM) [36] , we tested physical interaction between SLAH1 and SLAH3. Expression of constructs was verified via confocal laser scanning microscopy prior to FRET-FLIM experiments (Figures S3E and S3F) . Expression of TS:SLAH3 alone revealed an average TSapphire lifetime of 2.70 ± 0.03 ns (Figures 3C and 3D) . Upon co-expression with SLAH1:mO, the fluorescence lifetime of TS:SLAH3 decreased significantly to 2.45 ± 0.03 ns (ANOVA, p < 0.01; Figures 3C  and 3D ), which is equivalent to a FRET efficiency of 9%-a value well in line with FRET efficiencies reported for other known plant interaction partners (cf. [36, 37] ). Thus, the activation of SLAH3 through SLAH1 in Xenopus oocytes results from the physical interaction of these anion channel subunits.
In contrast to monocots [1] [2] [3] , the stelar cells of dicots such as Arabidopsis are not directly accessible for protoplasting and patch clamping. However, guard cells express SLAH3 and SLAC1 anion channels [11] and so represent a plant cell system that is accessible for functional patch-clamp studies. Guard cells lacking SLAC1 anion channels cannot release chloride [22] and do not express SLAH1 but do express wild-type levels of SLAH3 transcripts [11] (Figure 3E ). Interestingly, when the slac1-2 phenotype is complemented with SLAH1 under the control of the SLAC1 promoter (slac1-2/SLAH1), the mutant phenotype is revived [22] . Via qRT-PCR experiments, we quantified the expression of SLAH1-SLAH4 in both the slac1-2 and the slac1-2/ SLAH1 mutant plants ( Figure 3E ). As expected, SLAH1 expression was only detectable in the slac1-2/SLAH1 mutant line. Thus, these lines represent ideal in planta expression systems for studying the electrical behavior of SLAH3 when either expressed alone (slac1-2) or when co-expressed with SLAH1 (slac1-2/SLAH1) [1] [2] [3] . In line with previous findings, our wholecell patch-clamp analysis revealed only weak S-type chloride currents in slac1-2 guard cells (Figures 3F and 3G ; cf. [22, 23, 26] ). When SLAH1 was expressed in slac1-2 guard cells, however, S-type chloride currents were found restored ( Figures 3F  and 3G ). This finding in guard cells, as well as the activation of SLAH3 by SLAH1 in the oocyte system ( Figures 3A and 3B) , explains the reduced root xylem sap chloride levels of the SLAH1 and SLAH3 loss-of-function mutants.
The kinase-and nitrate-independent activity of the heteromeric channel complex between SLAH1 and SLAH3 seen in oocyte experiments could result from the addition of a SLAH1 intrinsic chloride conductance superimposing the NO 3 À /Cl À conductance of SLAH3. Alternatively, SLAH1 might represent a silent subunit that modulates the properties of SLAH3. To test the contribution of each interaction partner to the anion currents of the heteromeric complex, we created inactive SLAH3 and SLAH1 channel mutants. Chen et al. [35] could show that the point mutations G194D and F450L in AtSLAC1 lead to a nonfunctional channel. Based on homology models of SLAH1 and SLAH3 to the crystal structure from HiTeaH [35] , one would predict that exchange of Gly194 to a negatively charged aspartate and the substitution of Phe450 by leucine block the pores of SLAH3 and SLAH1, similar to SLAC1. When we generated the respective SLAH3 mutants (G264D and F517L) and expressed the mutants in Xenopus oocytes, neither the co-expression with CPK21DEF ( Figure S4D ) nor co-expression with SLAH1 ( Figure 4A ) could elicit macroscopic currents. Note that the background currents of the mutant SLAH3 F517L, when co-expressed with CPK21DEF, SLAH1 WT, or SLAH1 mutants (Figure 4A, Figure S4D) , result from the residual activity of the SLAH3 mutant, rather than from a conductivity of SLAH1. In contrast, the mutations at the equivalent position in SLAH1 (R47D and F307L) did not significantly affect the anion currents mediated by the SLAH3/SLAH1 channel complex ( Figure 4A ).
These findings indicate that SLAH1 modifies the electrical properties of SLAH3, rather than being a conductive subunit within the heteromeric complex itself.
The chloride currents of the SLAH3/SLAH1 complex were markedly increased compared to the currents of SLAH3 homomeric channels activated by CPK21 (Figures 3A and  S4A ). When we tested the relative permeability of SLAH3 in comparison to that of the SLAH3/SLAH1 complex, it became apparent that the permeability for chloride relative to nitrate was unaltered between the homomer and the heteromer (Figure S4F) . However, the chloride conductance was seven times higher with oocytes expressing SLAH3/SLAH1 heteromeric channels compared to the kinase-activated SLAH3 homomeric anion channels, whereas the conductance for nitrate remained unaltered ( Figure 4B ). To investigate the molecular mechanism underlying the enhanced chloride current amplitudes of the SLAH3/SLAH1 complex, we analyzed the nitrate-dependent gating properties of the kinase-activated SLAH3 compared to the SLAH3/SLAH1 heteromer. Whereas CPK21-activated SLAH3 required extracellular nitrate to gate open at physiological membrane potentials ( Figure 4C ; cf. [11] ), the SLAH3/ SLAH1 heteromer appeared to be already open in the absence of nitrate ( Figure 4D ). It became obvious that the elevated chloride currents of the SLAH3/SLAH1 heteromeric channel ( Figures  3A and 3B ) result from the nitrate-independent activation of SLAH3 and thus from a massive increase of its chloride conductance, rather than from an increased chloride permeability ( Figures 4B-4D) .
DISCUSSION
We have shown that both AtSLAH1 and AtSLAH3 genes coexpress in the root pericycle (Figure 1 , cf. [22, 30] ). According to previous studies, this cell type is involved in loading the root xylem vessels with nutrient anions and cations [5, 28, 31] . and maize (Zea mays) [1, 2, 21] conform closely with the characteristics of SLAC/SLAH anion channels expressed in Xenopus oocytes, and the transcriptional downregulation of SLAH1 by ABA ( Figures 2F and 2G ) provides strong evidence for involvement of S-type channels in anion xylem loading (for details, see the Supplemental Experimental Procedures). Although we measured the salt stress and ABA-dependent downregulation of SLAH1 and SLAH3 on the transcript level, there is evidence from plant ion channel studies [38] [39] [40] that ion channel protein abundance directly follows the respective transcript level with delay times of tens of minutes to a few hours only. SLAH1/SLAH3 co-expression in oocytes and guard cells, as well as Arabidopsis mutant phenotypes, indicates that SLAH1, via formation of SLAH1/SLAH3 heteromers, facilitates Cl À efflux by rendering SLAH3 nitrate and phosphorylation independent. SLAH1/SLAH3 heteromer formation is further undepinned by the fact that just like the double mutant (slah1-2/slah3-1), each of the single mutants (slah1-2, slah3-1, and slah3-4) exhibited the identical phenotype of reduced xylem sap chloride content (Figures 2A-2D ). Since SLAH1 abundance determines a significant contribution to the degree of Cl À exclusion without significantly affecting the inclusion of NO 3 À , the SLAH1 gene arises as a novel biotechnological tool with great potential for engineering salinity-tolerant plants.
EXPERIMENTAL PROCEDURES
See the Supplemental Experimental Procedures.
ACCESSION NUMBERS
Newly reported accession numbers are as follows: DmSLAH3, TBro1.0.0: comp228551_c0 (http://tbro.carnivorom.com/tbro/details/byId/184091); MtSLAH3, GenBank: XM_003619199. 
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